Introduction
Human genetic diversity is evident in the frequency distribution and linkage disequilibrium (LD) patterns of pharmacogenetic polymorphisms of clinical relevance. Consequently, to impact positively on global health, pharmacogenetics must adopt an inclusive population approach. The present study explores this notion with respect to the NAT2 gene, which encodes the enzyme arylamine N-acetyltransferase-2 (NAT2), responsible for the metabolism of a wide spectrum of therapeutic drugs and common environmental carcinogens [1] . The original demonstration that NAT2-mediated acetylation was bimodally distributed [2] was followed by recognition of threephenotype categories in humans, namely, rapid, intermediate and slow acetylators. According to the consensus nomenclature (http://nat.mbg.duth.gr/), NAT2 phenotypes are determined by the haplotype pairs (diplotypes) of 7 NAT2 single nucleotide polymorphisms (SNPs), namely, rs1801279 (191G > A), rs1041983 (282C > T), rs1801280 (341T > C), rs1799929 (481C > T), rs1799930 (590G > A), rs1208 (803G > A) and rs1799931 (857G > A). The 191, 341, 590 and 857 SNPs are nonsynonymous substitutions, which encode low-activity alleles and define the slow haplotype clusters NAT2*14, NAT2*5, NAT2*6 and NAT2*7, respectively. Individuals who are homozygous or heterozygous for two of these haplotypes are classified as slow acetylators, whereas those with one or no copy of these haplotypes are labelled intermediate or rapid acetylators, respectively (http://nat.mbg.duth.gr/). Although the threephenotype categorization is widely accepted, evidence of heterogeneity among slow acetylators, first reported by Cascorbi et al. [3] , has prompted suggestions of a 'very-slow' or an 'ultraslow' phenotype, defined by the *6A/*6A, *6A/*7B or *7B/*7B diplotypes [4, 5] .
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Several algorithms have been proposed to reduce the genotyping effort and cost, while retaining the accuracy of NAT2 phenotype prediction (reviewed by Selinski et al. [6] ). In previous reports [7, 8] , we compared the accuracy of algorithms on the basis of 2-4 SNPs within exon 2 of the NAT2 gene as well as a tag SNP (rs1495741), located in the 3′ end of NAT2 [9] across populations of different biogeographical ancestry. In the present study, we took advantage of the whole-genome sequence data available for the 1000 Genomes (1KG) project to examine the accuracy of the paired 282 and 341 SNPs and the tag SNP algorithms to predict the NAT2 acetylator phenotype in worldwide populations. The availability of NAT2 and tag genotypes, and of biogeographical ancestry data in a Black Brazilian cohort led us to include an admixed South American group in this study.
Methods

Study groups
Whole-genome sequence data available for the 1000 Genomes (1KG) project were used to explore the accuracy of paired NAT2 SNPs (282C > T and 341T > C) and the tag SNP (rs1495741G > A) to predict NAT2 acetylator phenotypes, compared with the gold standard, on the basis of 7 NAT2 SNPs (http://nat.mbg.duth.gr/Human%20NAT2% 20alleles_2013.htm). Whole-genome variation data generated in phase 3 of the 1KG project in 2504 individuals from 26 populations were directly downloaded from the 1000 Genomes ftp site (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/ release/20130502/). The 26 populations are listed in Supplementary Table 1, Supplemental digital content 1, http://links.lww.com/FPC/B21. The populations are distributed into five groups, designated as Africans, Europeans, East Asians, South Asians and from the Americas. We retrieved the phased genotypes of the 7 NAT2 SNPs, as well as the tag SNP rs1495741 using the program VCFtools (https://vcftools.github.io/index.html). Related individuals were excluded from the data set. For some of the statistical analyses of haplotype patterns in continental groups, the admixed African-American (ASW) and African Caribbean samples (ACB) were excluded from the African group.
We also explored data from a previously studied Brazilian cohort [7, 8] comprising 118 healthy, unrelated adults, who self-identified as Black, according to the 'race/color' classification scheme adopted by the Brazilian Census (http://www.ibge.gov.br). The experimental protocols had been approved by the Ethics Committee of Instituto Nacional de Câncer, Rio de Janeiro, Brazil; each individual signed a written informed consent. The term Black (Brazilian) is capitalized in the text to call attention to its special meaning in the context of the Brazilian Census classification. Estimates of the individual proportions of Amerindian (native), European and African ancestry, on the basis of a panel of ancestry informative markers [10] , were available for all individuals. Also available were the individual genotypes at 7 polymorphic NAT2 loci (rs1801279, rs1041983, rs1801280, rs1799929, rs1799930, rs1208, rs1799931) and for the tag SNP, rs1495741.
Linkage disequilibrium analyses
Calculation and visualization of pairwise LD between SNPs were carried out using the software Haploview, version 4.1 (Broad Institute, Cambridge, Massachusetts, USA) [11] . The level of LD between loci was assessed using the coefficients D′ and r 2 .
Inference of NAT2 haplotypes and NAT2 acetylator phenotypes
Haplotypes comprising the NAT2 SNPs rs1801279, rs1041983, rs1801280, rs1799929, rs1799930, rs1208 and rs1799931 were statistically inferred in the Brazilian sample using the Haplo-stats software, version 1. [3, 7, 8, 12] . Inference of phenotypes using the tag SNP rs1495741 (G > A), was determined by the number of copies of the G allele: individuals with zero, one or two G alleles were classified as rapid, intermediate and slow acetylators, respectively [7] [8] [9] 12] . Contingency tables were used to visualize the agreement between the inferred 7-SNP phenotypes and either the tag SNP or the 2-SNP genotypes. We will use the terms concordant and discordant to designate individuals in whom phenotype predictions on the basis of paired 282-341 SNPs or the tag SNP agreed or disagreed, respectively, with the phenotypes inferred from the 7-SNP-haplotypes.
Statistics
Allele and haplotype frequencies were compared using the χ 2 -test. The t-test was used to compare individual proportions of biogeographical (African, Amerindian and European) ancestry among Brazilians. A P value less than 0.05 was considered significant.
Results and discussion
Supplementary Table 2, Supplemental digital content 2, http://links.lww.com/FPC/B22, shows frequency data for the 7 NAT2 SNPs, the tag SNP, the NAT2 haplotypes derived from phased data and the inferred NAT2 acetylator phenotypes in the 1KG population groups. Supplementary There are clear population differences with respect to both allele frequencies and LD patterns for the NAT2 SNPs. For example, the allele rs1801279 A (one of the slow acetylator alleles) has frequencies more than 10% in African populations, but is absent or present at very low frequencies in the other population groups. Another slow acetylator allele, rs1801280 C, has markedly lower allele frequencies in East Asian populations than in any other population group. Large population differences in frequency can also be observed for the NAT2 haplotypes (e.g. *4, *5B, *12A, *13A, see Supplementary Table 2, Supplemental digital content 2, http://links.lww.com/FPC/B22). With respect to the LD patterns, r 2 values between pairs of markers tend to be lower in African populations than in other groups: for example, r 2 values between rs1041983 (282C > T) and rs1799930 (590G > A), and also between rs1801280 (341T > C) and rs1208 (803G > A) are lower in African populations than in any other population. Finally, it is important to note that marker rs1801279, which is primarily restricted to African populations, is not in LD with any of the other NAT2 markers, including the three markers present in the algorithms used for the prediction of acetylator phenotypes (rs1041983, rs1801280 and rs1495741).
We assessed the accuracy of the paired (282C > T and 341T > C) and the tag SNPs to predict individual NAT2 phenotypes in each 1KG group and verified that both approaches provided more than 96% agreement with the 7-SNP derived phenotypes in Europeans, East Asians, South Asians and Admixed Americans (Tables 1 and 2;  Supplementary Tables 3-6 , Supplemental digital content 8, http://links.lww.com/FPC/B28, Supplemental digital content 9, http://links.lww.com/FPC/B29, Supplemental digital content 10, http://links.lww.com/FPC/B30, Supplemental digital content 11, http://links.lww.com/FPC/B31). By contrast, both the paired and the tag SNPs performed poorly in the 1KG African group: discordance of phenotype prediction on the basis of paired versus 7-SNPs occurred in 188 individuals (30.0%), of whom nine (1.4%) showed extreme discordance (rapid acetylator phenotype with one method and slow acetylator with the other). With the tag SNP, discordance was observed in 156 individuals (24.8%), with extreme discordance in 11 (1.7%; Tables 1 and 2 ). We discuss in more detail below the reasons for the considerable discordance levels observed in populations of African descent.
Discordance of paired versus 7-SNP prediction of the NAT2 acetylator phenotype in populations of African descent Table 3 describes the discordance between predictions of the individual NAT2 phenotype, on the basis of paired SNPs 282-341 or the phased NAT2 haplotypes. All discordance is accounted for by four haplotypes, namely, *13A (76.1% of discordant individuals),*14A (16.0%),*12B (4.8%) and *6B (3.2%). These same haplotypes have been shown to explain the discordance in phenotype prediction between the 7-SNP and the paired SNPs in a cohort of predominantly European ancestry [12] . In this cohort, however, the extent of discordance (0.6%) was considerably smaller than that in the 1KG African group (30%). This large difference can be accounted for by the much higher combined frequency of haplotypes *13A, *14A, *12B and *6B in 1KG Africans (0.157) than in the cohort studied by Selinski et al. (0.003; [12] ) or in 1KG Europeans (0.001; Supplementary Table 2, Supplemental digital content 2, http://links.lww.com/FPC/B22). The difference in frequency is especially noticeable for the rapid haplotype *13A, which occurs in 11.9% of 1KG Africans, but is absent in 1KG Europeans, as well as in 1KG Admixed Americans and 1KG South Asians, and is extremely rare in 1KG East Asians. The 2-SNP panel misclassifies the rapid *13A (282T alone) and *12B (282T and 803G) haplotypes because both comprise the 282T allele, which is counted as a slow allele. Misclassification of the slow *6B (590A alone) and *14A (191A alone) haplotypes results from their lack of both 282T and 341T, which count as slow alleles.
The haploview plots in Fig. 1 show that the inferred NAT2 haplotype block is narrower in individuals with discordant predictions by the paired SNP panel, and does not include the 191G > A and the 282C > T SNPs. Notably, the LD between 282C > T and 590G > A SNPs was markedly reduced in discordant (r 2 = 0.06) compared with concordant individuals (r 2 = 0.56), accounting for misclassification of carriers of either the *13A (282T alone) or the *6B (509A alone) haplotypes.
To explore the effect of population diversity within the 1KG African group on the misclassification of NAT2 phenotypes using the paired 282-341 SNPs, we analysed separately the sub-Saharan Africans (YRI, LWK, GWK, MSL and ESN), African Caribbean (ACB) and AfricanAmerican (AWS) cohorts (Supplementary Tables 7-9 Table 10 , Supplemental digital content 15, http://links.lww.com/FPC/B35). We found ( Table 4 ) that the extent of discordance in the sub-Saharan (total discordance 32.1%; extreme discordance 1.3%) and ACB (29.5%; 3.2%) sub-groups was considerably higher than that in ASW (14.8%; 0%) and Black Brazilians (14.4%; 1.0%). The reduced discordance in Black Brazilians, compared with the 1KG sub-Saharan group, may be ascribed to the relatively low average proportion of African ancestry in Black Brazilians (0.681, SD 0.158; Supplementary Table 11 , Supplemental digital content 16, http://links.lww. com/FPC/B36). A similar explanation might prevail for the admixed ASW, whereas the similar degree of discordance in ACB and sub-Saharan Africans would suggest considerably higher African ancestry in the ACB. The individual proportions of African and nonAfrican (European plus Amerindian) ancestry did not differ between concordant and discordant Black Brazilians (Supplementary Table 11 , Supplemental digital content 16, http://links.lww.com/FPC/ B36). This is consistent with the results for 1KG subSaharan Africans, who assumedly have 100% African ancestry, and implies that African ancestry is associated with, but per se is not conducive to failure to predict NAT2 phenotype using paired SNPs. Predictive accuracy is determined by the individual LD pattern within the NAT2 gene and the frequency of haplotypes *13A, *6B, *12B and *14A. Indeed, the compound frequency of these haplotypes in the 1KG populations and Black Brazilians correlates closely (r 2 = 0.99) with the extent of discordance in these cohorts (Fig. 2) .
Prompted by the reports of Suarez-Kurtz et al. [8] , and Hein and Doll [13] , we assessed the accuracy of 3-SNP and 4-SNP panels to infer the NAT2 acetylator phenotype in the 1KG African group, and observed almost complete (99.2%) agreement between inferences using 7-SNPs or the 4-SNP panel (191G > A, 341T > C, 590G > A and 857G > A) proposed by Hein and Doll [13] . For 3-SNP panels, agreement with the 7-SNP inferred NAT2 phenotypes was highest (92.9%, with no extreme discordance), with 191G > A, 341T > C and 590G > A, consistent with previous data for Mozambicans [8] . With the 'historical' 3-SNP panel [13] comprising 481C > T, 590G > A and 857G > A, discordance was observed in 30.9% of the 1KG African cohort, with extreme discordance in 12 individuals (1.9%). Tables 2 and 4 show the discordance between NAT2 phenotype predictions on the basis of tag SNP versus 7-SNP NAT2 haplotypes. Nearly 50% of discordance was because of misclassification of individuals with two slow haplotypes, who were carriers of either the AG or the GG tag genotypes. Comparisons of the NAT2 allele and Data represented as n (%). The symbol > is preceded by the 7-SNP inferred phenotype, and is followed by the paired SNP inferred phenotype. Extreme discordance refers to inference of rapid acetylator phenotype with one method (7-SNPs or paired SNPs) and slow acetylator with the other. I, intermediate; NAT2, N-acetyltransferase-2; R, rapid; S, slow; SNP, single nucleotide polymorphism. Data represented as n (%). AA, AG and GG refer to tag SNP genotypes. The symbol > is preceded by the 7-SNP inferred phenotype, and is followed by the tag SNP genotype. Extreme discordance refers to inference of rapid acetylator phenotype with one method (7-SNPs or tag SNP) and slow acetylator with the other. I, intermediate; NAT2, N-acetyltransferase-2; R, rapid; S, slow; SNP, single nucleotide polymorphism.
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haplotype distribution in concordant and discordant individuals (Supplementary Figure 6 , Supplemental digital content 17, http://links.lww.com/FPC/B37) showed that the slow haplotype *14, defined by the 191A allele, is the major culprit of the discordance. Allele 191A, and consequently haplotype *14 were almost absent in the concordant cohort, whereas in discordants, their frequency was 0.39 and 0.11.
In African populations, the tag G allele appears typically with the slow acetylator haplotype *14, which is defined by 191A. This is in marked contrast with the other slow NAT2 haplotypes, namely, *5, *6 and *7, which are linked to the tag A allele (Fig. 3) . Prediction of NAT2 acetylator phenotypes by tag SNP rs1495741 relies on these associations, and consequently, carriers of the linked tag G allele and *14 haplotypes will be misclassified as having a rapid phenotype, when in fact they are slow acetylators. Because the 191A allele, which defines the *14 haplotype, is almost absent in 1KG groups other than Africans (Supplementary Table 2 , Supplemental digital content 2, http://links.lww.com/FPC/ B22), the tag approach predicts with a high degree of accuracy the NAT2 phenotype in European, East Asian, South Asian and American cohorts. In 1KG Africans, however, carriers of *14 haplotypes will be misclassified, accounting for 74% discordant phenotype predictions on the basis of the tag SNP.
We assessed the accuracy of the tag SNP in each of the three subgroups within the 1KG African populations, namely, sub-Saharan, ACB and ASW, and observed that the extent of discordance ranged from 17.9 to 26.6%. The discordance among Black Brazilians (18.6%) was within this range (Table 5) . Together, these data suggest that among African populations, predictive accuracy varies considerably less with the tag SNP compared with the paired SNPs (see above).
Inference of the ultra-slow NAT2 phenotype in 1KG groups using the paired or tag SNPs
Finally, we assessed the accuracy of the paired 282-341 and the tag alleles to predict the very-slow or ultra-slow NAT2 phenotype, purportedly associated with homozygosis or compound heterozygosis of the NAT2*6 and NAT2*7 haplotypes [3] [4] [5] . From the data presented in Table 3 , the frequency of ultra-slow acetylators is estimated to range between 7.4 and 21.6% in the 1KG populations. The paired SNPs identified correctly the ultra-slow phenotype in all individuals, except Africans, who were carriers of the *6B haplotype (590A alone). There were three (6.4%) such individuals among the 47 ultra-slow acetylators. The tag SNP provided correct estimates in all Admixed Americans and Europeans, more than 98% Asians and 95.7% Africans.
Collectively, the present results emphasize the impact of population diversity on the usefulness of prediction algorithms to infer NAT2 acetylator phenotypes. We confirmed and extended previous observations [3, 7, 8, 12, 13] that: (a) neither the tag SNP rs1495741 nor the 2-SNP (282C > T, 341T > C) panel provides sufficiently accurate prediction of the NAT2 phenotype in populations of African descent or admixed populations with substantial African contributions, and therefore, cannot be adopted for global studies; (b) both panels, however, provided accurate inference of NAT2 haplotypes in Europeans, 7-SNP phenotypes were inferred from the NAT2 haplotypes, which were derived from phased haplotype data. 2-SNP phenotypes were inferred from the sum of the variant 282T and 341C alleles. Haplotypes that account for discordance between 7-SNP and 2-SNP phenotype predictions are printed in bold; tag SNP genotypes that correctly predict the 7-SNP phenotype are in italics. NAT2, N-acetyltransferase-2; SNP, single nucleotide polymorphism.
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East and South Asians and American populations 1KG groups; and (c) accurate inference of NAT2 acetylator phenotypes across all 1KG groups is obtained with the 4-SNP panel (191G > A, 341T > C, 590G > A and 857G > A) proposed by Hein and Doll [13] . One (a, b) Haplotype block diagrams generated using the Haploview program for 1KG African individuals, in whom NAT2 phenotype predictions using paired SNP (282C > T and 341T > C) were concordant (a) or discordant (b). The pairwise linkage disequilibrium (LD) is expressed as r 2 inside the rhombi: the darker a rhombus, the higher the pairwise LD. Numbers 1-7 above the diagrams refer to NAT2 SNPs 191G > A (rs1801279), 282C > T (rs1041983), 341T > C (rs1801280), 481C > T (rs1799929), 509G > A (rs1799930), 803A > G (rs1208) and 857G > A (rs1799931), respectively. NAT2, N-acetyltransferase-2; SNP, single nucleotide polymorphism. Data represented as n (%). The symbol > is preceded by the 7-SNP inferred phenotype, and is followed by the paired SNP inferred phenotype. Extreme discordance refers to inference of rapid acetylator phenotype with one method (7-SNPs or paired SNPs) and slow acetylator with the other. I, intermediate; NAT2, N-acetyltransferase-2; R, rapid; S, slow; SNP, single nucleotide polymorphism. Correlation between the combined frequency of NAT2 haplotypes *13A, *6B, *12B and *14A (abscissa) and the extent of discordance in NAT2 phenotype prediction using the paired 282-341 SNPs. NAT2, N-acetyltransferase-2; SNP, single nucleotide polymorphism. limitation of the current analyses is that NAT2 phenotypes were genotypically inferred from the NAT2 haplotypes or tag SNP, rather than quantified by the metabolism of NAT2-specific substrates, such as caffeine in vivo [14] or sulfamethazine in vitro [15] . For both substrates, there is little overlap in phenotypic acetylator activity between slow and rapid phenotypes inferred from 7-SNPs or the paired SNP haplotypes, but considerable overlap is observed between genotypically inferred intermediate and slow or rapid phenotypes [3, 9, 12] . Overlap of phenotypic activity measured in vitro with sulfamethazine is especially large when phenotypes are stratified to the tagging SNP [9] .
Conclusion
We have shown that both the paired SNP and the tag SNP algorithms may be used, with economy of scale, to infer NAT2 acetylator phenotypes, including the ultra-slow phenotype, in European, East Asian, South Asian and American populations represented in the 1KG cohort. Both algorithms, however, perform poorly in populations of predominant African descent, including admixed AfricanAmericans, African Caribbeans and Black Brazilians. The 2-SNP panel misclassification occurs in carriers of haplotypes *13A (282T alone), *12B (282T and 803G), *6B (590A alone) and *14A (191A alone), whereas the slow haplotype *14, defined by the 191A allele, is the major culprit of misclassification by the tag allele. A 3-SNP panel comprising 191G > A, 341T > C and 590G > A provided corrected inference of NAT2 phenotypes in ca. 93% of 1KG Africans, whereas addition of 857G > A to this panel resulted in nearly complete (>99%) agreement with the 7-SNP inferred NAT2 phenotypes in all 1KG population groups and in Black Brazilians. Data represented as n (%). AA, AG and GG refer to tag SNP genotypes. The symbol > is preceded by the 7-SNP inferred phenotype, and is followed by the tag SNP genotype. Extreme discordance refers to inference of rapid acetylator phenotype with one method (7-SNPs or tag SNP) and slow acetylator with the other. I, intermediate; NAT2, N-acetyltransferase-2; R, rapid; S, slow; SNP, single nucleotide polymorphism.
